The Republic of Ireland (RoI) is the only European Country with a mandatory national legislation requiring artificial fluoridation of drinking water and has the highest per capita consumption of black tea in the world. Tea is a hyperaccumulator of fluoride and chronic fluoride intake is associated with multiple negative health outcomes. In this study, fifty four brands of the commercially available black tea bag products were purchased and the fluoride level in tea infusions tested by an ion-selective electrode method. The fluoride content in all brands tested ranged from 1.6 to 6.1 mg/L, with a mean value of 3.3 mg/L. According to our risk assessment it is evident that the general population in the RoI is at a high risk of chronic fluoride exposure and associated adverse health effects based on established reference values. We conclude that the culture of habitual tea drinking in the RoI indicates that the total cumulative dietary fluoride intake in the general population could readily exceed the levels known to cause chronic fluoride intoxication. Evidence suggests that excessive fluoride intake may be contributing to a wide range of adverse health effects. Therefore from a public health perspective, it would seem prudent and sensible that risk reduction measures be implemented to reduce the total body burden of fluoride in the population.
Introduction
Fluoride is a halogen found in soil, water, rocks, air, plants and animals in different quantities [1] . The major sources of internal exposure of individuals to fluorides are the diet, dental products, dermal absorption from chemicals or pharmaceuticals, ingestion or parenteral administration of fluoride-containing drugs, tobacco consumption, exposure to industrial emissions and ingestion of fluoride-containing soil [2] . It is now acknowledged that of all the common foodstuffs, tea has one of the highest potentials for increasing the daily fluoride intake [2] [3] [4] . Indeed, the tea plant, Camellia sinensis has been known since the 1930s to be a hyperaccumulator of fluoride [5, 6] . Tea trees accumulate and store fluoride by absorbing it from the air and soil. Fluoride accumulates mostly in the leaves of the tea plant [2] . A substantial amount of fluoride is released during tea infusion. Because soluble fluoride is easily absorbed by the gastrointestional track, the bioavailability of fluoride from tea is close to 100% [7] which is similar to that from drinking water [8] . Only the water-soluble ionic fluoride ingested is relevant to human health.
Fluoride has no known essential function in human growth and development and no signs of fluoride deficiency have been identified in humans [9] . The role of fluoride in the prevention of caries has been known for many years. Though fluoride is not essential for tooth development, fluoride can contribute to the prevention of caries [10, 11] , but caries is not a fluoride deficiency disease [9] . The benefits of fluoride for the prevention of dental caries has lead to the addition of fluoride into toothpaste, water, milk and salt so as to provide its desired amount to the population. However, scientific evidence suggests that the widespread use of topical fluoride sources, such as toothpastes, is the most effective in preventing dental caries [12, 13] . Notwithstanding this, the wider health effects of fluoridation remain controversial. Fluoride has a very narrow safety margin between its optimum benefit for caries prevention and chronic fluoride intoxication. As fluoride is available from various sources for human consumption, the total ingestion of fluoride by a person should be estimated taking into consideration the fluoride consumed from all the sources, to get either the beneficial effect or to prevent the deleterious effect [14] . The major natural source of fluoride emissions are atmospheric volcanic emissions and volcanic aquifers. In certain geographic regions exposure to fluoride from volcanic activity and groundwater can be significant resulting in chronic fluoride intoxication. Since the 1950s, in a few developed countries, exposure to fluoride has changed significantly with the introduction of artificial water fluoridation. This has resulted in increased dietary intake from water, from foods cooked with fluoridated water as well as from consumption of processed foods and beverages reconstituted with fluoridated water. Since the 1980s, salt fluoridation programmes have also been introduced in a number of countries particularly in Central and South America, as well as in some European countries. At the same time, the use of fluoride in dental products such as fluoride toothpaste, gels, varnishes, glass ionomer cements and sealants and the dramatic increase in the use of fluorine in medical pharmaceuticals has contributed to further exposure of the population. In addition to dietary sources of fluoride, rapid industrialisation and changes in agricultural practices has resulted in increased anthropogenic emissions of fluoride. Over the last century, however, the one relatively constant source of dietary exposure has been tea. In this paper, we discuss excessive exposure of fluoride from tea, the most widely consumed beverage in the Republic of Ireland (RoI) .
Fluoride is a cumulative toxin [15] . Along with urinary excretion, uptake by bone removes excess fluoride from circulation, thus effectively removing fluoride from the fluids bathing the soft tissues [16] . In infants retention in bone can be as high as 90% of the absorbed amount, whereas in adults bone retention is 50% or less [17] . Bone fluoride concentrations increase with both magnitude and length of exposure [2] . The clinical course of fluoride intoxication (fluorosis) involves a number of factors including kidney function, age, sex, calcium intake, dose and duration of fluoride intake [15] . Fluorosis involves dental, skeletal and non-skeletal effects [18, 19] . Increased fluoride bone content is thought to be the main indicator of chronic fluoride poisoning [20] . Mostafaei et al. found that the rate of increase in fluoride bone levels is almost 3-fold higher among tea drinkers compared to non-tea drinkers [21] . Non skeletal effects of fluoride include cardiotoxicity [1, [22] [23] [24] [25] [26] [27] [28] [29] , neurotoxicity [2, [30] [31] [32] [33] [34] [35] [36] [37] , endocrine dysfunction [1, 2, [38] [39] [40] , hepatotoxicity and nephrotoxicity [41, 42] .
In recent years a number of other studies have highlighted the safety concerns regarding the exposure to a high levels of fluorides in black teas [43] [44] [45] [46] [47] [48] [49] [50] [51] . Tea drinking in infancy is known to cause dental fluorosis [52] [53] [54] [55] as well as early stage skeletal fluorosis [56] . Different authors have drawn attention to skeletal fluorosis among adults induced by habitual tea drinking in certain regions such as the USA, China, Tibet, Mongolia, France and the UK [52, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] and that induced, on the other hand, by prolonged ingestion of mineral water with high fluoride concentrations [74] [75] [76] [77] [78] [79] [80] [81] , the use of certain fluoridated medications [82] [83] [84] [85] [86] , by the ingestion of fluoride toothpaste [87] and from administration of sodium fluoride in the treatment of osteoporosis [88] [89] [90] [91] [92] .
However, while authorities in the US and the European Union have imposed restrictions on the fluoride content in bottled mineral waters [93, 94] , no action has been made to minimize the fluoride content in tea. It is now clear that black tea bags, as well as other types of tea products, have particularly high levels of fluoride, which can pose a significant health risk if tea is consumed in significant quantities [45] . Research has indicated that among populations habitually consuming black tea, water fluoridation is not only unnecessary but also possibly harmful [44] .
The RoI has the highest per capita consumption of tea in the world [95, 96] . In Ireland, habitual tea drinking reached "prodigious levels" by the 20th century [97] and tea remains the most frequently consumed beverage, consumed by 91% of adults aged 18 to 64 years of age [98] . The 2010 National Longitudinal Study of Children in Ireland reported that 8% of infants were given tea to drink at nine months of age. Among the lower socioeconomic class the percentage was 10% [99] . An earlier study by Freeman (1996) reported that at 18 months of age 12% of infants were drinking tea from a bottle [100] .
In the RoI people predominantly drink black tea with 95% of the tea being sold in tea bags. The loose tea leaf market is very small, about 3% to 4% [101] . In 1990, per capita tea consumption was 3.21 kg per person [102] and 2.96 kg in 2003 [103] . Overall, per capita tea consumption is 6-fold higher than the global average [101] .
Differences in the fluoride content of tea leaves can be attributed to the geological, soil chemical and physical characteristics of the area of production [104] . The water extractable fluoride content depends on a number of factors including the fluoride content of the water used to prepare the beverage, the brand of tea, leaf size, infusion time and temperature of infusion. [103] [104] [105] [106] . Drinking water supplies in the RoI are artificially fluoridated since the 1960s (0.8-1.0 mg/L, reduced to 0.6-0.8 mg/L in 2007), thus, the fluoride content in tea infusions in the RoI also contains fluoride from drinking water. Since the 1960's most Irish tea products are primarily sourced from East Africa, accounting for 80% of the total tea imports. East of the Rift valley in Kenya is the largest source of tea [107] . Recently, authorities in China imposed restrictions on most of Kenya's tea products due to potentially hazardous concentrations of fluoride found in some of them [108] .
Although the Irish are the heaviest tea drinking nation in the world, the fluoride levels in black tea commodities consumed by the population has never been evaluated [109] . The European Food Safety Authority (EFSA) reported that drinking just 2 cups of tea per day (with a fluoride content of 5 mg/L), combined with an average consumption of fluoridated drinking water and the use of fluoridated tap water in the preparation of food, but excluding all other sources (including solid foods, toothpaste and dental products), would provide a daily dietary intake of 6 mg fluoride per day [9] . In the EU, the Tolerable Upper Intake Level (UL) for fluoride has been established at 1.5 mg/day for children aged 1-3 years, 2.5 mg/day for children up to the age of eight years, 5 mg/day for children aged 9 to 14 years and 7 mg/day for children older than 15 years and adults [110] . Considering that the average person in the RoI consumes 4-6 cups of tea per day and that drinking water is artificially fluoridated to a concentration ranging from 0.6 to 0.8 mg/L (reduced from 1.0 mg/L in 2007), this would strongly suggest that the majority of the population in Ireland are at risk of chronic fluoride intoxication. As no information is available on the fluoride content in black tea marketed and consumed in the RoI an exposure and risk assessment is required. The objectives of this study were to determine: (1) infusible fluoride levels of marketed black tea bag products consumed by the population; (2) the contribution of tea consumption to Adequate Dietary Intake and Tolerable Upper Intake levels; and (3) the reasonable maximum exposure to fluoride from tea consumption and associated health risks. The study does not include fluoride intake from other beverages, foods, dental products or medications.
Methods

Sampling
In total 54 of the most widely consumed brands of black tea products were procured as boxes of tea bags from supermarkets, retail outlets and health food stores in the RoI. The products included all the leading consumer black tea bag products as well as supermarket store-brand tea products.
All samples were tea bag products sold in boxes which represent the vast majority of tea products purchased by consumers. The range of tea samples tested included caffeinated, non-caffeinated and organic black tea products. We did not consider other types, such are green, oolong, white, yellow or herbal tea, which are not widely consumed. For each product the details of the origin of the tea as marketed was noted and the weight of tea bags determined. The characteristics of the analyzed teas are listed in Table 1 .
Preparation of Tea Infusions
In order to determine the fluoride concentrations in tea infusions, two tea bags were selected at random from each box and samples prepared using freshly boiled fluoridated drinking water, with a fluoride level of 0.7 mg/L. Public water supplies were used so that fluoride levels would be representative of ingested tea as prepared in the home, in workplaces or food service settings. Each tea bag was brewed for a period of 5 min with 200 mL of water initially at 100˝C. After five minutes, the tea bag was taken out and the infusion allowed to cool to room temperature. To remove excess water tea bags were squeezed lightly with a spoon before removal, as is generally the method used by consumers when preparing a cup of tea with disposable tea bags. When the solution reached room temperature a 20 mL aliquot was taken from each infusion and placed in a polyethylene plastic sample container.
Fluoride Analysis
For every sample, a Total Ionic Strength Adjustment Buffer (TISAB) tablet (FL704 TISAB Tablets Extech, Nashua, NH 03063, USA) was added to each 20 mL aliquot. The fluoride concentrations in the so-prepared samples were determined in duplicate with a fluoride ion selective electrode (Extech FL700). The Extech FL700 has a reported resolution of 0.1 mg/L and overall accuracy of 3%. A series of fluoride standards were prepared by using a 100 mg/L fluoride Eutech standard solution (Fluoride Standard Solution Code No. ECSCSFL3BT, Eutech Instruments, supplied by Lennox Laboratory Supplies, Ireland) by diluting appropriate volumes to 100 mL with de-ionized water. Then, the electrode was calibrated to concentrations of 0.0, 0.5, 1.0, 5.0, and 10.0 mg/L. Prior to sampling and at the end of group of five samples, the electrode was re-checked for accuracy.
Quality Assurance
The entire analytical procedure for the determination of the ionic fluoride concentration in tea infusions was first tested using public water supplies with a fluoride level of 0.7 mg/L. For quality assurance tea infusions were further prepared using boiled deionized water following the same methodology. In total, 162 individual infusions of tea were prepared. The results show that the difference was 0.70 mg/L. The results of these analyses are presented in Table 1 . Table 1 provides the list of tea products tested and the county of origin as listed on product labels. The weight of tea bags and fluoride levels in tea infusions after 5 min brewing are also listed in Table 1 . For the duplicate tea infusion samples the mean value is provided. The variability between duplicate samples was very small, generally within 0.1 mg/L. * Irish Blend; ++ UK Blend. Three tea bags selected at random from each branded box of tea. Each tea bag was brewed for a period of 5 min with 200 mL of water initially at 100˝C. After five minutes of extraction, tea bags were removed and the infusions were cooled to room temperature ( When tea infusions were prepared with tap water the fluoride concentration in tea infusions ranged from 1.6 to 6.1 mg/L with a mean of 3.3 mg/L. All tea products tested exceeded 1.5 mg/L. 96% of the products exceeded 2.0 mg/L, 59% exceeded 3.0 mg/L, 24% exceeded 4.0 mg/L and 7% exceeded 5.0 mg/L. As expected, the use of fluoridated tap water was found to increase the measured fluoride content in all tea infusions. When tea was prepared with deionized water 22% of tea products had a fluoride level exceeding 3.0 mg/L compared to 59% when prepared with tap water. Notwithstanding the contribution of fluoridated water, even when prepared with deionized water, 96% of the tea products had fluoride concentrations that exceeded 1.5 mg/L. Overall, the lowest fluoride levels were found in pure tea products sourced from Assam, India. These products are lesser known brands not widely available or consumed in the RoI. The fluoride level in tea infusions from six decaffeinated black tea products tested ranged from 1.6 to 4.2 mg/L when prepared with tap water and 0.8 to 3.2 mg/L when prepared with deionized water. The lowest fluoride level was found in organic decaffeinated tea from Assam, India.
Results
Of the four caffeinated organic tea brands tested, the fluoride level was found to range from 2.0 mg/L to 4.2 mg/L when prepared with tap water. The highest fluoride level was present in an Irish blended brand, originating from Kenya; the lowest level was found in organic Clipper Assam tea from India. The study identified differences in fluoride levels across the same brand, with different blended teas containing variable levels of fluoride. It is expected that the variety of tea used for blending, the percentage composition of blended tea, the particle size of tea and the different country of origin of tea leaf used for blending would alter the fluoride content in blended teas. The study also identified a lack of reporting of the country of origin of tea, no data was provided on fluoride levels of tea products and no guidelines or other recommendations were provided regarding the safety of drinking tea for infants, pregnant mothers or the general public. The results of this study also identified that large regional variations exist in the packaging and portion size of tea sold internationally. For example, in this study, it was found that the average weight of a single tea bag from tea products in the RoI was 3.3 g. In the U.S. the industry standard weight for individual cup-size teabags is just 2.2 g [111] . This difference reflects consumer preference for strong tea in the RoI.
Exposure Assessment
There is some controversy regarding recommendations on AI for fluoride since there are no signs of fluoride deficiency which have been identified in humans, and fluoride has no known essential function in human growth and development [9] . Evidence over the last 20 years has demonstrated that the cariostatic effect of fluoride is topical on the tooth surface and ingestion is not required [12, 112, 113] . In 2011, the EFSA commissioned the University of East Anglia to examine the scientific data from which Dietary Reference Values (DRVs) for fluoride may be derived. The comprehensive review found that there were relatively few studies of good quality regarding fluoride intake, accumulation and/or health endpoints. The review concluded that there was a lack of high quality evidence upon which DRVs may potentially be based for fluoride [114] . Notwithstanding this, the EFSA have recommended AI's for fluoride [9, 16] , which are similar to those suggested by the U.S. Institute of Medicine [115] . Table 2 provides details of dietary reference values.
According to the EFSA an AI is the average observed daily level of intake by a population group (or groups) of apparently healthy people that is assumed to be adequate, while chronic intakes above the Tolerable Upper Intake Level (UL) may be associated with an increased risk of adverse effects [116] . In general, the AI for fluoride are based on estimated intakes that have been shown to reduce the occurrence of dental caries maximally in a population without causing unwanted side effects including moderate dental fluorosis [117] . The AI and UL applies to intake from all sources including water, beverages, foodstuffs, dental health products and drugs. SCHER reported that the emerging picture from all risk assessments conducted on fluoride is that there exists a narrow margin between the recommended intakes for the prevention of dental caries and the upper limits of exposure [13] . In view of the different health, nutritional status and habits of individuals in addition to the differing consumption of drinking water and the uncontrolled intake of fluorides from other sources, such as tea, medications or occupational exposures, it is not possible to accurately define an AI or UL for a population without excluding sensitive subgroups of the population. To illustrate this dilemma, the intake of fluoride for individuals with low iodine status or poor renal function poses significantly higher risk of negative outcomes than for healthy individuals [2] . Furthermore, in countries with artificial fluoridation, a large proportion of very young children who are bottle fed with powdered infant formula reconstituted with tap water may already be at risk of excess fluoride intake without taking other dietary sources of fluoride into account. The EFSA acknowledged that the UL would be exceeded in infants if water containing more than 0.7 mg/L is used for preparation of the formula [17] . It is important to consider that breast feeding prevalence in Ireland is among the lowest in the world and the majority of infants may potentially already exceed the UL through infant formula alone. In our study, fluoride exposure through consumption of tea was calculated using a deterministic approach. The dose of fluoride in 150 mL, 250 mL and 750 mL, 1 L, 1.5 and 3.8 L of tea infusions for each brand of tea was calculated based on the measured fluoride content (mg/L). The total fluoride intake by volume of tea consumed was compared to the daily AI and UL intake reference values. The mean of all 54 brands tested is provided along with range of fluoride intake for all brands. Based on a range of fluid intakes the percentage contribution of each brand of tea to the AI and UL is presented for infants, children and adults. 
Infants and Children
The exposure assessment presented here is specific to tea as prepared with tap water and excludes all other sources of dietary fluoride intake. In our assessment of fluoride exposure from tea a number of scenarios were examined. While it has been reported that up to 10% of infants in the RoI drink tea at nine months of age there are no data to estimate tea intakes at single doses or daily intakes for children for the RoI. In Israel, the consumption of tea among infants aged 6-12 months were reported to vary between 50 and 750 mL (mean 250 mL per day) [118] . In the Australian 2008 total diet study, tea consumption was also reported among infants and children; mean daily intake was approximately 150 mL for infants aged 1-3 years; 250 mL for children aged 4-8 years; 300 mL for 9-13 year olds and 500 mL for 14-18 year olds [119]. The EFSA reported that tea consumption was a major source of caffeine intake in toddlers and children up to ten years of age in a number of European countries including Bulgaria, Italy, Denmark, Netherlands and the UK. However, no data was provided for the RoI [120] . Considering that tea consumption in the RoI significantly exceeds all other European countries, as well as Israel and Australia, it is expected that individual consumption by infants and children could be higher in the RoI. In this study the fluoride intake from consumption of 150 mL, 250 mL and 750 mL were evaluated.
Based on our data, we can assume that there is a significant risk for an excessive intake of fluoride from tea consumption could contribute intakes above the recommended AI and exceed the UL. Our data shows that 150 mL of tea can exceed the AI for an infant aged 7-11 months 2 fold and up to 1.5 fold for children aged 1-3 years. In the EU no UL has been established for infants under 1 year of age, however the IOM have established a UL for infants aged 0-6 months of 0.7 mg per day and 0.9 mg per day for infants aged 4-12 months [115] . Based on IOM recommendations just 150 mL of tea could provide up to 1.3 fold of the UL for an infant aged 0-6 months and 1.1 fold of the UL for infants aged 4-12 months. Similarly, based on IOM recommendations one cup or infant bottle of tea could exceed the UL for infants aged 0-6 months and 4-12 months by 2.2 fold and 1.7 fold respectively. A summary of the exposure and risk assessment intakes are presented in Table 3 . 
Adults
As with infants and children, the exposure assessment is specific to tea as prepared with tap water and excludes all other sources of dietary fluoride intake. The value for total consumption of water-based beverages across European countries ranges from about 700 mL/day/person at the lowest reported mean to about 3800 mL/day/person at the highest reported 97.5th percentile [13] . In the RoI, tea is consumed by more than 90% of the adult population, with the average person consuming 4-6 cups per day. In this study, four scenarios are examined, consumption of 250 mL (about 1 cup) per day, 1 litre per day (4 cups or 3 mugs of tea per day), 1.5 L per day (6 cups or 4 mugs per day) and a reasonable maximum intake of 3.8 L per day (15 cups or 10 mugs per day). The Reasonable Maximal Exposure (RME) is considered conservative as a number of studies have reported individuals consuming 3.5-7.5 L of black tea per day [60] [61] [62] [63] 121, 122] . A summary of exposure and risk estimates for fluoride intake are presented in Table 4 . The range of exposures for all products tested and the mean values are provided for each scenario.
The findings of this study demonstrate that 250 mL or roughly one cup of tea when prepared with tap water can provide between 0.4 and 1.5 mg fluoride to daily dietary intake. Of the 54 tea products tested 15 teas would provide 1 mg/L fluoride or more per 250 mL serving. One cup of tea can provide up to half of the AI for an adult female and 44% for an adult male. Based on the UL of 7 mg per day as recommended by the EFSA one cup of tea can provide up to one fifth of the UL. Assuming a daily intake of 1 L (4 cups of tea) per day, 32 of the 54 tea products tested (59%) would exceed the AI for a healthy adult female and 19 (35%) would exceed the AI for a healthy adult male. The tea product with the highest fluoride concentration would provide more than 2-fold the AI for a female and 1.8-fold the AI for a male, respectively. In consideration of the tolerable upper intake level (UL) as recommended by the EFSA, the consumption of four cups of tea could provide up to 86% of the UL for a healthy adult (either sex) and could readily exceed the UL for children aged 9-14 years. Assuming a daily intake of six cups per day all but one of the teas (98%) would exceed the AI for an adult female and 48 out of 54 (88%) would exceed the AI for a healthy adult male. The tea product with the highest fluoride concentration would exceed the AI for a female 3-fold and 2.6-fold for an adult male. Consuming six cups of tea would exceed the UL for an adult 1.3-fold and up to 1.8-fold for children aged 9-14 years, respectively. Almost 10% of the teas would exceed the UL established for all dietary fluoride sources. In considering the RME from tea, the results of this study demonstrate that the mean RME for an adult living in a fluoridated community, based on the average of all brands tested, would be 12.4 mg/day, or 70% above the recommended UL. If a person used the black tea product with the highest fluoride content the maximum RME from tea consumption would be as high as 23 mg per day. This is similar to that reported by Whyte and associates [61] .
Discussion
The purpose of the present study was to determine the fluoride concentrations in black tea infusions in the RoI, the potential dietary exposure to fluoride from tea and associated health risks. Our results demonstrate that the high fluoride levels measured in black tea prepared from packaged black tea bag products sold in the RoI are consistent with concentrations found in similar products sold in Taiwan [43, 46] ; China [44, 45] ; Poland [47] ; Slovenia [49] ; UK [51] ; Germany [123] ; Norway [124] and the USA [125] .
In the RoI, the legally enforceable upper limit for fluoride in artificially fluoridated water is 0.8 mg/L and 1.5 mg/L for potable water with naturally occurring fluoride. Within the EU, the enforceable upper limit for all drinking waters is 1.5 mg/L [126] . As shown in Table 1 , all of the black teas had fluoride concentrations exceeding the enforceable level in drinking water. In addition, all products exceeded the maximum permitted level requiring labelling and safety precautions for bottled mineral water under European regulations [94] . Moreover, four products (7.4%) exceeded the fluoride concentration which the EU has found to pose a risk to public health if present in bottled mineral water [94] . Based on the fluoride levels in tea and reference levels for AI and UL our results suggest that the general population in the RoI is at risk of excessive intake of fluoride and that fluoridation of drinking water further contributes to the risk of fluoride intoxication. The implications of the findings of our study are clear:
(1) Tea should not be consumed by infants or children, to prevent the risk of cardiotoxicity, neurotoxicity, dental fluorosis, abnormal bone metabolism, endocrine dysfunction, hepatotoxicity and nephrotoxicity. It is a public health concern that all tea products tested exceeded the fluoride levels reported in the literature to be associated with a lowering of the IQ in children [30, 37] when prepared with tap water and found to be within the range of values reported to cause neurotoxicity [31] [32] [33] [34] . Our data also indicates that tea consumption by infants will result in excessive intake of fluoride which is associated with a high risk of dental fluorosis. Recently, Chen et al. provided a biological dose-exposure response relationship for fluoride exposure and bone metabolism indicators and demonstrated that when urinary fluoride levels increased above 0.3 mg/L, the percentage of children with abnormal bone metabolism increased significantly [127] . Székely et al. examined urinary fluoride excretion after tea consumption in young adults residing in a community with a fluoride level in drinking water of 0.1 mg/L and determined that the consumption of 200 mL of tea per day with a fluoride content of 0.42 mg increased 24 h urinary fluoride levels from 0.297 mg/L to 0.451 mg/L [128] . Urinary fluoride levels in children and adolescents in communities with water fluoridation are significantly higher than those reported in the latter study. For example, in North America where tea drinking is relatively uncommon, urinary fluoride levels generally exceed 1 mg/L [129] . Clearly the consumption of tea by children in communities with water fluoridation would contribute to even higher urinary fluoride concentrations. Moreover, the concentrations would exceed the levels reported in literature to be associated with cardiotoxicity and endocrine disruption in children [1, 37] . Based on the fluoride levels present in tea in our study, it is also evident that consumption of tea can contribute to abnormal bone metabolism in children. Furthermore, 96% the tea products exceeded the level that has been reported in literature to cause liver and kidney damage in children and 24% exceeding this level 2-fold [41, 42] .
(2) Considering fetal effects, fluoride can cross the placenta into the fetus and high intake of fluoride during pregnancy can be harmful to the developing child. Du et al. demonstrated the passage of fluoride through the placenta of mothers with high fluoride intake and its accumulation within the brain of the foetus has impacts on the developing central nervous system and brain [130] . Strunecka et al. reported that fetal exposure to fluoride adversely affects brain development and that chronic fluoride exposure in the course of intrauterine fetal life may produce certain harmful effects on the developing brain of the foetus [131] . High fluoride intake from tea consumption in pregnancy may also impair bone health in offspring. Shi et al. demonstrated that maternal fluoride intake presented a dose/response relationship to fluoride levels as seen in bone fluoride levels in foetuses. When the latter reached greater than 500 µg/g, pathological changes occurred in 90% of the bone [132] .
(3) As fluoride accumulates in bone progressively over many years, it is expected that the total body burden of fluoride in the general population in the RoI will be very high by international standards. The results of our study indicate a significant percentage of the general population are at risk of chronic fluoride intoxication. It is known that when excessive amounts of fluoride are consumed, it tends to accumulate more in cancellous bone compared to cortical bone [133] . As the cancellous bone predominates in the region of joints, the higher fluoride accumulation leads to damage to the bone matrix with resultant complications [134] . The NRC reported that in the absence of other sources of fluoride, the consumption of drinking water with a fluoride level of 1 ppm, bone fluoride levels can reach 2500 mg/kg in twelve years and to 3000 to 4000 mg/kg over longer periods [2] . Symptoms of clinical stages I and II skeletal fluorosis may occur with bone concentrations above 3500 ppm [2] . A lifetime exposure to fluoride at 2 mg/L would fall within or exceed the ranges of concentrations that have been associated with stage II and stage III skeletal fluorosis [2] . Stage II skeletal fluorosis is associated with chronic joint pain, arthritic symptoms, slight calcification of ligaments, and osteosclerosis of cancellous bones. Stage III has been termed "crippling" skeletal fluorosis because mobility is significantly affected as a result of excessive calcifications in joints, ligaments, and vertebral bodies [2] . As noted previously, in a recent Canadian study Mostafaei et al. demonstrated the rate of increase in fluoride bone levels is almost 3 fold higher among tea drinkers compared to non-tea drinkers [21] . Of note, Weatherell measured the fluoride levels in femoral compacta from humans of different ages who lived in communities supplied with drinking water containing less than 0.5 ppm fluoride in various locations in England and Rochester, New York. Significant differences were found between the two populations, with fluoride accumulating to 4000 ppm among the English subjects compared to less than 1000 ppm among residents in Rochester [135] . Since drinking water in both communities was unfluoridated (<0.5 ppm) the fourfold difference in bone fluoride levels reported may largely reflect the higher consumption of tea in England. Considering that drinking water has been artificially fluoridated in the RoI for over 50 years and tea consumption is 20% higher than the UK and sevenfold higher than Canada, it is evident that the population in the RoI may be at a higher risk of chronic fluoride intoxication, which would present primarily as musculoskeletal disorders, arthritic-like symptoms with chronic joint pain and disability in later life. Musculoskeletal conditions are indeed highly prevalent in the RoI and their impact is pervasive. The burden of musculoskeletal disorders in the RoI can be measured in terms of the economic cost of chronic pain to the RoI, which was reported to be €5.34 billion in 2012 [136] .It is reported that over 900,000 people, or 1 in 5 persons, in the RoI are affected by arthritis [137] . Research has found a significant association between daily fluoride intake and lower back pain (LBP) [138] . The authors suggested that this could be deemed as the early stage of mild skeletal fluorosis caused by joint or bone degeneration because of chronic fluoride exposure. In 2010, it was estimated that 395,000 adults in the RoI (11.9%; 95% CI = (8.8%, 14.9%)) had lower back pain or another chronic back condition in the previous 12 months that had been clinically diagnosed. The Institute of Public Health reported that this is likely to be an underestimate of the total number of people with these conditions [139] .
(4) The findings of this study also show that for the general population who consume tea daily, fluoride exposure can significantly exceed the levels reported by the NRC that can cause thyroid dysfunction in persons with either low or adequate iodine intake [2] . For individuals with insufficient iodine intake, the NRC reported that thyroid function may be impaired at a total fluoride intake of between 0.7 and 2.1 mg per day for a 70 kg individual, or alternatively, at fluoride intakes of 3.5-9.1 mg per day, when iodine intake is adequate [2] . This would suggest that regular consumption of modest amounts of tea by itself may deliver sufficient fluoride to contribute to thyroid dysfunction. Indeed, this phenomenon was documented in a recent study conducted in Saudi Arabia [38, 39] . Importantly, tea was identified as the main dietary source of fluoride contributing up to 3 mg/day among adults, 1.27 mg/day among some adolescents and 1.02 mg/day among some children. [39, 40] . Our data also suggests that tea is also the major source of fluoride intake in the population in the RoI. However, per capita tea consumption in the RoI is 5-fold higher than in Saudi Arabia, in addition drinking water supplies are fluoridated in the RoI and non-fluoridated in Saudi Arabia. This suggests that endocrine disorders may be even more prevalent in the RoI. The possibility of thyroid dysfunction is also increased in Ireland because it is a country at risk for iodine-deficiency [140] . It is generally accepted that iodine deficiency may enhance the toxicity of fluoride [2] . Iodine deficiency has been found to be highly prevalent in Ireland [141] . The specific incidence of thyroid disorders is uncertain in the RoI, however, the National Centre for Pharmacoeconomics reported that the third most prescribed drug under the Government Medical Services scheme in the RoI is levothyroxine, used for the treatment of hypothyroidism [142] . This data suggests that thyroid disorders are decidedly widespread among the population. Interestingly, one recent UK study found significantly higher rates of hypothyroidism in communities with artificial fluoridation compared to non-fluoridated communities Although tea consumption was not included as a confounding factor in this study; it is likely that tea consumption patterns would be evenly proportioned among the study populations. Notwithstanding this, the community with artificial fluoridation would be expected to have higher dietary fluoride intake.
(5) Several studies have reported that fluoride can cause cardiovascular system dysfunctions in humans mainly presenting as arrhythmias [1, [22] [23] [24] [25] [26] [27] [28] [29] . It is known that cardiac arrhythmias contribute significantly to ischemic heart disease and risk of sudden cardiac death [143, 144] . These findings are clearly relevant to the RoI not only because of the high fluoride intake of the population, but because mortality rates from ischemic heart disease have been found to be significantly higher in the RoI than the European average [145] .
(6) Several subpopulations are likely to be more susceptible to the toxic effects of excessive fluoride intake. It is known that the effect of fluoride is more marked in populations with malnutrition who have low calcium, vitamin D, and protein intakes [146] . Malnutrition is a common clinical and public health problem in the RoI [147] . Rice et al. reported that the annual public health and social care cost associated with adult malnourished patients in Ireland is estimated at over €1.4 billion, representing 10% of the health-care budget [148] . Vitamin D and calcium deficiency is also highly prevalent in the RoI across all age groups. The Irish Universities Nutrition Alliance (IUNA) reported that among people aged 18-64 years of age there was a significant prevalence of inadequate calcium intake and a substantial proportion of the population had inadequate Vitamin D intakes [98] . Recently, the National Medicines Information Centre reported that it has been estimated that in Ireland 74% of adults have <50% of the recommended daily intake of Vitamin D [149] . Another subgroup of the population at risk of fluoride toxicity are individuals with reduced renal function. Among adults and children with impaired renal function, the ability to excrete fluoride markedly declines, resulting in greater retention of fluoride in the body and higher plasma and bone fluoride concentrations. It is known that the onset of the appearance of clinical fluorosis is much shorter in patients with renal impairment [77, 80, 81, 150] . In 2003, in the RoI an estimated 200,000 people had diabetes and a further 200,000 had the condition but were unaware of it. This corresponds to 9.6% of the general population having diabetes. Moreover, it was also estimated that a further 250,000 had pre-diabetes and 50% would develop diabetes in the ensuing 5 years if lifestyle changes were not met [151] . (7) In the EU, Regulation (EC) No 178/2002 provides the general principles and requirements of food law (General Food Law Regulation) [152] . The General food law is applicable to all foodstuffs, including tea. In determining whether any food is unsafe, the regulations specify that regard shall be had to the normal conditions of use of the food by the consumer and to the information provided to the consumer, including information on the label, or other information generally available to the consumer concerning the avoidance of specific adverse health effects from a particular food or category of foods [152] . In determining whether any food is injurious to health, the regulations specify that regard shall be given to the probable immediate and/or short-term and/or long-term effects of that food on the health of a person consuming it; to the probable cumulative toxic effects and to the particular health sensitivities of a specific category of consumers where the food is intended for that category of consumers. The regulations also specify that food law shall aim at the protection of the interests of consumers and shall provide a basis for consumers to make informed choices in relation to the foods they consume [152] . Based on current evidence, the tea products tested in this study do not comply with EU food law.
(8) Decisions about water fluoridation should include the total amount of fluoride intake from all sources including foods, beverages and medications such that cumulative effects and the risk of chronic fluoride intoxication are reduced. National government decisions on risk management should have as their primary objective the protection of the health of consumers [153] . In the EU, the precautionary principle is a fundamental part of risk management [154] . Paradoxically, while fluoridation of drinking water is regarded as the controlled addition of fluoride to drinking water, requiring constant surveillance and monitoring, it is apparent that there has been little or no surveillance in the RoI of total dietary fluoride intake, total body burdens of fluoride or residual levels of fluoride in food. Thus, the effect of fluoridation of drinking water in the RoI is that it has resulted in compounding safety factors associated with uncontrolled exposure and contributed to excessive accumulation of fluoride in the general population.
(9) The most obvious and the earliest clinical manifestation of fluoride toxicity is dental fluorosis, but it only records the effects of ingestion in the first six years of life [155] . A systematic review carried out using data from nine countries (Australia, Canada, Finland, Ireland, Italy, New Zealand, Sweden, Britain, and the USA) by York University (UK) concluded that dental fluorosis would likely occur in 48% (95% CI: 40%-57%) of the population exposed to municipal water fluoridated at the level of 1 mg/L [156] . Cochran et al. in a comparative study of the prevalence of dental fluorosis in 8-year-old children from seven European study sites using a standardized methodology, reported the prevalence of any fluorosis at 89% among children in the RoI [157] . Additional risks of increased fluoride exposure are known, including skeletal and non-skeletal fluorosis. It is now recognized that excess fluoride intake can contribute to musculoskeletal disease [2, 52, 133, 134] neurotoxicity [2, [30] [31] [32] [33] [34] [35] [36] [37] , cardiotoxicity [1, [22] [23] [24] [25] [26] [27] [28] [29] , endocrine dysfunction [1, 2, [38] [39] [40] , hepatotoxicity and nephrotoxicity [40, 41] . The EU AI and UL values for children up to eight years of age are based on preventing dental fluorosis, while the UL value in older children and adults is based on data from observational and intervention studies with regard to bone fractures [9] . However, research has indicated that moderate fluoride intake is associated with endocrine dysfunction [39, 40] . Further research has demonstrated that fluoride induced hypothyroidism is associated with cardiotoxicity in children [1] . Moreover, a current study by Zhang et al. demonstrated that when urinary fluoride levels exceeded 0.5 mg/L and serum fluoride levels exceeded 2.6 µM, declines in children's IQ can occur [37] . Based on current evidence there is an increasing need to develop revised guidelines on the nature and severity of risks associated with excessive fluoride intake in order to better protect human health. While our study is the first to quantitatively measure the fluoride content and estimate fluoride exposure from tea in the RoI, it nevertheless only uses a single risk factor (tea consumption) as a basis for fluoride exposure. Given, as we have indicated, that the fluoride from tea consumption has already potentially overburdened the RoI population any additional sources would compound the effect. The body burden of fluoride is best reflected in bone fluoride concentrations which provide the best indicator of long term fluoride exposure and body burden [155] . No data, however, is available on biomonitoring for fluoride exposure or age related fluoride accumulation among the adult population in the RoI and no studies have been conducted to examine the association between fluoride intake or accumulation and disease prevalence. Available evidence, however, strongly suggests that there is a high burden of dental fluorosis, musculoskeletal disorders, thyroid disorders, and ischemic heart disease in the RoI. Furthermore, evidence suggests that there is a large subgroup of the population particularly susceptible to the adverse effects of chronic fluoride intake due to low iodine intake, malnutrition, Vitamin D deficiency, calcium deficiency and diabetes prevalence.
Recommendations
With regard to the findings in this study, the authors have the following recommendations. To begin, health care and regulatory officials need to be more aware of dietary sources of fluoride and the clinical symptoms of fluoride intoxication. All patients presenting to clinicians with musculoskeletal or endocrine disorders should also be assessed as to their total dietary fluoride intake. To reduce the risk of chronic fluoride toxicity, public health authorities should inform pregnant women that habitual tea drinking is unsafe for the developing child and that tea should not be provided to infants as a beverage. Given the very high fluoride levels found in many tea products there is a need for the establishment of maximum levels allowed in tea. The findings of our study highlight the difficulties in managing exposures from multiple sources of fluoride. Appropriate actions should be taken by public health authorities to reduce direct exposure as well as body burden of fluoride in the general population. The most immediate action would be to cease fluoridation of drinking water supplies.
Limitations of the Study
The objective of this study was to determine the fluoride content in tea infusions using an established and recognized methodology. The most widely used method of fluoride quantification has involved potentiometry employing the fluoride ion selective electrode (ISE) [158] . It is noted that our results are similar to those reported in published literature . However, the possible interference of aluminium (Al) with fluoride measurement using ISE procedures was not examined in any of these studies. Our review of literature found that high Al concentrations exceeding 2.5 mg/L have been observed to result in under-representation of fluoride levels in tea infusions when measured by ISE method [159, 160] . During the course of our study the Al content was measured using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) in a subsample of six tea infusions and one sample of drinking water by a third party laboratory. All of the tea products tested were found to contain high concentrations of Al with large variations observed, ranging from 2.9 to 7.2 mg/L. Among the sub sample of tea products tested the tea product with the highest Al content was found to have the lowest infusible fluoride level. Thus, it is possible that higher amounts of fluoride may be consumed by individuals when the complexity of Al content is taken into consideration. A limitation to this study is that the Al content was not determined in all tea products. Further studies are warranted to determine the concentration and dietary intake of Al and other metal contaminants from tea.
A second limitation is that the study did not take into account the preference of some consumers in the RoI for very strong brewed tea. In the RoI, there is a preference by many consumers to drink tea stronger with more than one tea bag to make a pot of tea. Thus, estimates of fluoride intake from tea in this study are conservative as they are based on a single tea bag to prepare infusions. For consumers who drink strong tea infused in a tea pot prepared with multiple tea bags it is expected that fluoride intake levels would be higher than reported in this study. Tea is also generally consumed with milk in the RoI. However, Gulati et al. assessed the effect of adding milk to English style tea and reported that there is no difference between levels of fluoride with or without addition of milk [161] .
Conclusions
A number of conclusions can be drawn from this study. First, the main finding of this study is that tea is the major source of exposure to fluoride in the general population. Second, for both adults and children the total dietary intake of fluoride from tea can exceed the upper tolerable intake limit (UL) at levels known to cause chronic fluoride intoxication. Third, while there have been no diagnosed cases of skeletal fluorosis in the RoI we provide evidence to suggest that excessive fluoride may be contributing to the high prevalence of musculoskeletal disorders, undiagnosed clinical stage 1 and stage 2 skeletal fluorosis. This suggests that the lack of any confirmed cases of clinical or sub-clinical fluorosis in the RoI may only reflect a lack of biomonitoring or a lack of awareness of the public health impact of the disease. Fourth, due to the high prevalence of iodine, calcium and vitamin D deficiency, malnutrition and diabetes, we provide evidence to suggest that the high fluoride intake of the population may also be contributing to other disease states. Last, our data suggests the tea products available in the RoI do not comply with EU food law. Taken together, our data and evidence from published literature unequivocally demonstrates that in countries where tea drinking is common fluoridation of public water supplies is unnecessary and potentially harmful. Therefore from a public health perspective, it would seem prudent and sensible that risk reduction measures be implemented to reduce the total body burden of fluoride in the population.
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